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Chromosome segregation in eukaryotes requires a large molecular assembly termed the kinetochore to
attach chromosomes to spindle microtubules. Recent work has made substantial progress in defining the
composition and activities of the kinetochore, but much remains to be learned about its macromolecular
structure. This commentary discusses recent insights into structural features of the kinetochore, how these
inform our understanding of its biological function, and the key challenges for the future.Kinetochores are large proteinaceous as-
semblies that connect chromosomes to
spindle microtubule polymers to direct
chromosome segregation during cell divi-
sion. The kinetochore is a complex struc-
ture that functions as amolecular scaffold,
as a force generator to drive chromosome
movement, and as a signaling module to
regulate chromosome segregation and
cell cycle progression. Although the kinet-
ochore was first recognized as a distinct
cellular site with a critical role in chromo-
some segregation more than a century
ago, the molecular basis for kinetochore
function is still unclear. In particular, al-
though a range of studies have conducted
cell biological and biochemical analyses
of the kinetochore, there has been only
a limited structural examination of this
assembly.
Cell biological and biochemical studies,
sequence-based analysis, X-ray crystal-
lography, cryoelectron microscopy, elec-
tron tomography, mass spectrometry,
and biophysical approaches have started
to reveal the composition of the kineto-
chore, the detailed structures of selected
kinetochore components, and the organi-
zation of kinetochore proteins within the
higher order kinetochore structure. How-
ever, the majority of kinetochore proteins
and protein complexes have not been
characterized structurally, and their rela-
tionships with respect to each other within
the kinetochore remain ill defined. Here,
we describe the recently determined
structural features of the kinetochore
and the key challenges for the future that
will be required to obtain a molecular
reconstruction of the kinetochore in its
cellular functional context.Why Do We Need a Kinetochore
Structure?
Previous work on the kinetochore has
identified four major functions and activi-
ties that are essential to ensure correct
chromosomes segregation. These include
the association of the kinetochore with
centromeric DNA, the assembly of the
higher order kinetochore, the attachment
of the kinetochore to dynamic microtu-
bule polymers, and the regulation of
kinetochore function. Recent work has
identified more than 80 different compo-
nents of the human kinetochore (reviewed
inCheeseman andDesai, 2008), butmuch
remains to bedone to determine their con-
tributions to these functions and activities.
Complicating this work, the primary
aminoacid sequencesof themajority of ki-
netochore proteins do not provide insights
into their activities. This may be due to
the fact that many kinetochore proteins
have structural roles, rather than catalytic
ones, which allows a more rapid evolution
of the protein sequence (Henikoff et al.,
2001; Talbert et al., 2004). Bioinformatics
tools have enabled systematic analyses
of kinetochore protein sequences and
their homologs across species (Meraldi
et al., 2006) and have identified homologs
even in some caseswhere a protein is only
weakly conserved (Cheeseman et al.,
2004; Goshima et al., 2003). However,
the vast majority of kinetochore proteins
lack obvious functional domains. Detailed
structural information has the potential to
reveal key insights into activities of kineto-
chore proteins that are not evident from
their primary sequence. Despite a low
overall sequence identity for kinetochore
proteins across species, the domainsDevelopmental Cell 15, Nresponsible for generating structural folds
and protein-protein or protein-DNA inter-
faces are likely to be conserved (Madaoui
and Guerois, 2008). For example, al-
though yeast and human Ndc80 are only
22% identical, humanNdc80 can comple-
ment deletion of the yeast homolog
(Zheng et al., 1999). In addition, recent
structural studies have revealed a con-
served N-terminal calponin homology
domain in Ndc80 (Ciferri et al., 2008; Wei
et al., 2007) underlying this conservation
despite the low sequence identity.
The kinetochore also requires the coor-
dinated actions of multiple proteins.
Understanding how these proteins work
together in a concerted manner and are
integrated into the complete kinetochore
requires an understanding of kinetochore
organization at all levels of resolution from
the specific atomic contacts within pro-
tein complexes to the complete kineto-
chore ultrastructure. Understanding the
molecular architecture of such self-orga-
nizing functional units within cells is diffi-
cult due to the complexity of these as-
semblies. Reductionist approaches are
necessary to determine the basic building
blocks of these units and to characterize
their molecular structures. However,
these approaches do not guarantee the
ability to build toward a supramolecular
structure. Indeed, macromolecular ma-
chines and other protein assemblies are
more than the sum of their parts, and it
is difficult to predict the properties of
these systems solely from the knowledge
of their individual components. Thus,
to truly understand the activities of the
individual kinetochore proteins, and the
way in that these proteins are able toovember 11, 2008 ª2008 Elsevier Inc. 645
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CommentaryFigure 1. Structural Analysis of the Ndc80 Complex
Images representing the variety of approaches that have been utilized to examine the structure of the 4 subunit Ndc80 complex.
(A) Affinity purification-based proteomics identified the Ndc80 complex and its association with other kinetochore proteins (adapted from Cheeseman et al.,
2004).
(B) Biochemical reconstitution of recombinant Ndc80 complex defined the associations of this complex and provided protein for additional structural experiments
(adapted from Cheeseman et al., 2006).
(C) In vivo fluorescence microscopy analysis of the position of Ndc80 within the kinetochore (adapted from DeLuca et al., 2005).
(D) X-ray crystallography of individual globular domains of the Ndc80 complex (based on data from Wei et al., 2006, 2007).646 Developmental Cell 15, November 11, 2008 ª2008 Elsevier Inc.
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mosome segregation, it is essential to ulti-
mately obtain detailed structural informa-
tion on the entire kinetochore.
What Is a Kinetochore ‘‘Structure’’?
While structural information on kineto-
chore proteins will provide significant in-
sights into their functions and activities,
a major challenge for defining the stereo-
typical structure of the complete kineto-
chore is that kinetochore arrangement
varies dramatically across species. While
there appears to be a well-conserved
DNA to microtubule molecular connectiv-
ity (reviewed in Cheeseman and Desai,
2008), there are significant differences
in kinetochore architecture due to the
underlying centromeric DNA sequences.
In vertebrates, megabases of repetitive
DNA constitute a localized regional cen-
tromere that directs the assembly of
a large kinetochore structure capable of
attaching to 15–20 microtubules. In con-
trast, budding yeast centromeres are
only 125 bp, spanning the equivalent of
one nucleosome in space. Each point
centromere attaches to a single microtu-
bule (reviewed in McAinsh et al., 2003).
At the other end of the spectrum are the
chromosomes in nematodes, such as C.
elegans, which are holocentric such that
the kinetochore assembles along the en-
tire length of the chromosome (Maddox
et al., 2004). One major unanswered
question is whether the budding yeast
kinetochore represents a single unit with
larger kinetochores containing multiple
repeats of this unit or whether these larger
kinetochores have significant structural
differences.
A Cellular and Biochemical
Foundation for the Analysis
of Kinetochore Structure
Working toward the structure of a protein
assembly comprised of at least 80 differ-ent proteins represents a significant chal-
lenge. One major difficulty in determining
the structure of any macromolecular as-
sembly is obtaining a complete parts list.
As little as a decade ago, only a dozen
kinetochore proteins had been identified
in any organism. A combination of ap-
proaches has greatly increased the identi-
fication of kinetochore proteins. In partic-
ular, while it has not been possible to
isolate and purify intact kinetochores
from cells, affinity purification-based cel-
lular proteomic approaches have isolated
a number of additional kinetochore pro-
teins (see Figure 1A; reviewed in Cheese-
man and Desai, 2008). However, while
these strategies have been successful,
they have created the opposite problem
such that this overwhelming molecular
complexity makes this structural chal-
lenge seem intractable. Fortunately, pro-
teomic analyses have revealed one sim-
plifying principle within the kinetochore
in that the multiple kinetochore proteins
are organized into discrete biochemical
subcomplexes. These subcomplexes are
stable during purification, and the constit-
uent subunits typically display identical
localization and loss of function pheno-
types. Thus, while there are at least 80 dif-
ferent kinetochore proteins in humans,
there appear to be a much smaller num-
ber of subcomplexes (perhaps 10–15)
that can be thought of as stable functional
units.
The major accomplishments in struc-
tural studies of large multisubunit com-
plexes are mostly restricted to stable
macromolecular assemblies that can be
isolated from their native context such
the ribosome, the exosome, and the 2.6
MDa fatty acid synthase (Jenni et al.,
2006; Liu et al., 2006a; Lorentzen et al.,
2005; Schuwirth et al., 2005). However,
unlike these macromolecular complexes,
the kinetochore assembles and disas-
sembles throughout the cell cycle and isDevelopmental Cell 15,highly dynamic. Therefore, the kineto-
chore has not been easily amenable to
the large scale isolation and purification
from endogenous sources. Recombinant
expression is therefore necessary for
structural studies. However, many ki-
netochore proteins are insoluble when
expressed individually and thus require
coexpression with their binding partners
for solubility in their native conformation.
The proteomic identification of kineto-
chore subcomplexes thus provides an
important foundation for such coexpres-
sion studies.
Newstrategies toexpress largeamounts
of soluble recombinant proteins and pro-
tein complexes from bacteria, insect, and
mammalian cells have been critical to the
isolation of kinetochore subcomplexes.
Polycistronic expression vectors support
the coexpression of interacting subunits
producing significant amounts for struc-
tural studies (Tan, 2001). The CENP-A nu-
cleosome (Black et al., 2007), the 10 sub-
unit Dam1 complex (Miranda et al., 2005),
the 4 subunit Mis12 complex (Kline et al.,
2006), and 4 subunit Ndc80 complex (see
Figure 1B; Cheeseman et al., 2006; Ciferri
et al., 2005;Wei et al., 2005), and the 5 sub-
unit CENP-O complex (Hori et al., 2008)
have all been successfully reconstituted in
that manner. Proteomics and in vivo bio-
chemistry have defined additional kineto-
chore units that are well suited to a similar
coexpression approach. For example, the
metazoan Rod-Zwilch-Zw10 (RZZ) com-
plex forms a stable functional and physical
unit (Kopsetal., 2005;Williamsetal., 2003).
The identification of these stable com-
plexes should facilitate their in vitro recon-
stitution for biochemical and structural
studies.
These biochemical units provide a first
approximation of kinetochore structure
and organization. Mapping the organiza-
tion of these units relative to each other
has been made possible by functional(E) X-ray crystallography of the complete engineered ‘‘bonsai’’ Ndc80 complex (based on data from Ciferri et al., 2008). Ndc80, Nuf2, Spc24, and Spc25 are in
green, blue, red, and yellow, respectively.
(F) Crosslinking combined with mass spectrometry defined the interaction of the Ndc80 complex within the coiled-coil regions. Schematic representation of the
Ndc80 complex with the crosslinks indicated by purple dashed lines (adapted from Maiolica et al., 2007).
(G) Negative-stained micrograph of recombinant Ndc80 complex bound to microtubules revealed that the Ndc80 complex binds with a defined polarity (adapted
from Cheeseman et al., 2006).
(H) 3D cryo-EM reconstruction of the Ndc80 complex (cyan) bound to its microtubule (gold) determined by helical diffraction (based on data fromWilson-Kubalek
et al., 2008). ‘‘+’’ and ‘‘’’ indicate the polarity of the microtubule.
(I) Cryo-electron tomography of the kinetochore microtubule interactions at intact kinetochores identified fibril-like structures reminiscent of the Ndc80 complex
(adapted from McIntosh et al., 2008).
(J) Immuno-EM against Ndc80 revealed its position within the outer kinetochore (adapted from DeLuca et al., 2005).
(K) Sequence alignment of the N terminus of Ndc80 in the region that is subject to regulation of phosphorylation by Aurora B. Blue arrowheads indicate phos-
phorylation sites. While the primary amino acid sequence of the Ndc80 N terminus is highly diverged these phosphorylation sites are well conserved.November 11, 2008 ª2008 Elsevier Inc. 647
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spatial localization of proteins relative to
each other within the higher order kineto-
chore (see Figure 1C; DeLuca et al., 2005;
Kline et al., 2006) and their dependency
relationships for kinetochore targeting
(for example, see Liu et al., 2006b; Okada
et al., 2006). Cellular studies using fluo-
rescence microscopy have also probed
the stoichiometry of kinetochore compo-
sition and kinetochore dynamics. These
studies have been particularly powerful
in budding yeast, which has a simplified
kinetochore organization and where ho-
mologous recombination provides the
ability to conduct systematic GFP tagging
of kinetochore proteins through gene re-
placements. Budding yeast kinetochores
contain just a single specialized centro-
meric nucleosome (Furuyama and Big-
gins, 2007) allowing a direct measure-
ment of kinetochore proteins numbers
through a relative comparison (Joglekar
et al., 2008a; Joglekar et al., 2006). For
example, 16–20 molecules of the Dam1
are found per microtubule attachment,
which agrees with the number of Dam1
complexes needed to form a ring around
a microtubule in vitro (Westermann et al.,
2006). Interspecies comparison has
shown that the stoichiometry of kineto-
chore components is maintained with
respect to the number of kinetochore-
bound microtubules, suggesting parallels
in the overall arrangement of the kineto-
chore (Joglekar et al., 2008b). In total,
these cell biological and biochemical
studies have provided a strong foundation
for structural studies on the kinetochore.
Structural Analysis of the Inner
Kinetochore
A critical function for the kinetochore is to
make physical contacts with chromo-
somal DNA and specify a single site for
kinetochore assembly on each chromo-
some. Strikingly, the mechanisms by
which this occurs are largely sequence in-
dependent (reviewed in Cheeseman and
Desai, 2008).Understanding themolecular
basis for this kinetochore activity would be
greatly accelerated by detailed structural
information on this kinetochore-DNA inter-
face. Indeed, structural analyses have al-
ready provided important insights into the
nature of these DNA contacts, and the
mechanisms by which they are controlled.
CENP-A was one of the first kineto-
chore proteins identified (Earnshaw and648 Developmental Cell 15, November 11, 20Migeon, 1985). Molecular cloning of
CENP-A revealed that it was a histone
H3 variant (Palmer et al., 1991; Sullivan
et al., 1994) suggesting that it functions di-
rectly at the kinetochore-DNA interface.
Subsequent work has demonstrated that
specialized centromere-specific nucleo-
somes containing CENP-A are essential
for kinetochore specification and assem-
bly in all eukaryotes where this has been
examined (reviewed in Cheeseman and
Desai, 2008). Although CENP-A has thus
far resisted crystallography-based ap-
proaches, a deuterium exchange/mass
spectrometry-based strategy has been
used to structurally characterize CENP-A
nucleosomes. The primary sequences of
CENP-A and histone H3 are similar, so it
was unclear what structural differences
underlie the functional differences be-
tween CENP-A and H3 nucleosomes.
Black and coworkers took a classical ap-
proach of deuterium exchange, in which
a protein exchanges hydrogen molecules
with surrounding heavy water, and cou-
pled this with mass spectrometry to map
the exchange rates of different regions
of each protein. This work revealed that
CENP-A was overall a more compact
structure corresponding to a slower rate
of deuterium exchange (Black et al.,
2004, 2007). This work also defined a
specific structural CENP-A targeting do-
main (CATD), a small domain comprising
a loop and one helix of the histone fold.
This domain is necessary for the targeting
of CENP-A to centromeres and incorpora-
tion of the CATD into canonical histone H3
also targeted these engineered nucleo-
somes to centromeres (Black et al., 2004).
Structural information has also been
obtained on other centromeric DNA bind-
ing proteins, leading to a greater under-
standing of the individual contributions
of these proteins to the overall kineto-
chore architecture. For example, the al-
pha satellite DNA binding protein CENP-
B was the first kinetochore protein to be
crystallized, in complex with a 17 bp
DNA duplex (Tanaka et al., 2001; Tawara-
moto et al., 2003). The functional proper-
ties of the inner kinetochore protein
CENP-C, which has also been suggested
to have a DNA binding activity, have been
mapped to distinct domains (Trazzi et al.,
2002; Yang et al., 1996). The sequence-
based analysis of these domains indi-
cated that the dimerization domain of
the mammalian CENP-C, which is re-08 ª2008 Elsevier Inc.quired for centromere localization, has
a ‘‘cupin’’ fold domain (Trazzi et al.,
2002). This domain of the yeast CENP-C
homolog Mif2p was recently determined
by X-ray crystallography (Cohen et al.,
2008). Finally, the DNA binding domain
of Cep3, a subunit of the centromeric
DNA binding CBF3 complex (Skp1-
Cep3-Ctf13-Ndc10) unique to budding
yeast, has also been isolated and crystal-
lized (Bellizzi et al., 2007; Purvis and
Singleton, 2008).
In total, these structural studies on the
inner kinetochore have revealed key pro-
teins that make essential contacts with
DNA and have suggested that there are
a series of DNAbinding proteins that func-
tion together to specify the position of the
kinetochore on a chromosome and direct
kinetochore assembly. However, while
these structures of DNA-binding domains
have provided important information
about the individual proteins, much still
remains to be done to determine the spe-
cific contacts these proteins make with
centromeric DNA and how this DNA bind-
ing activity is integrated with kinetochore
assembly. Future studies to examine the
combined association of these proteins
with DNA and their interactions with outer
kinetochore proteins will be critical to truly
understand the kinetochore-DNA inter-
face.
Structural Analysis of the Outer
Kinetochore Microtubule Interface
At the opposite end of the kinetochore,
this structure must make contacts with
dynamic microtubule polymers, modulate
the assembly properties of the micro-
tubules, and facilitate motion along
the microtubules. Structural approaches
have provided key insights into the mech-
anisms by which kinetochore-localized
microtubule binding proteins form and
modulate these connections. X-ray struc-
tures for several microtubule plus-end
binding proteins including the TOG do-
main (Al-Bassam et al., 2007; Slep and
Vale, 2007), the calponin homology do-
mains of EB1 proteins (Hayashi and Ikura,
2003; Slep and Vale, 2007), and the CAP-
Gly domain of p150(glued) (Honnappa
et al., 2006; Slep and Vale, 2007; Weis-
brich et al., 2007) have been determined
and interpreted functionally using cell
biology and biochemical tools. Despite
their similar localization, the microtubule
binding domains of these proteins are
Developmental Cell
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provided important insights into the diver-
sity of microtubule stability mechanisms.
For example, the structure of the CAP-
Gly domain bound to a CLIP-170 frag-
ment revealed the molecular basis for
the activation of CLIP-170 and binding
competition for the C terminus of tubulin
(Weisbrich et al., 2007).
There is currently little atomic informa-
tion for larger kinetochore assemblies.
One major exception is the four subunit
Ndc80 complex (Ndc80, Nuf2, Spc24,
Spc25) which has been extensively char-
acterized by X-ray crystallography (see
Figures 1D and 1E). The structure of the
globular domains of the Spc24/25 com-
plex and of Ndc80 were both determined
separately (Figure 1D; Wei et al., 2006,
2007). However, the complete Ndc80
complex initially remained intractable to
crystallization due to an extended flexible
central coiled-coil region. To overcome
this problem, nonspecific crosslinking
was used in conjunction with mass spec-
trometry. This approach provides a pow-
erful tool to identify domains and second-
ary structures that are close in space
(reviewed in Vasilescu and Figeys, 2006)
and can be used to design constructs
from native protein complexes that are
otherwise resistant to crystallization. After
extensive analysis of the crosslinked
peptides to determine the register of
the coiled-coils in the Ndc80 complex
(Figure 1F; Maiolica et al., 2007), a crystal-
lizable version of this complex with
a shortened central coiled-coil region
was generated. This allowed the structure
of an engineered ‘‘bonsai’’ version of the
complete Ndc80 complex to be solved
(Figure 1E; Ciferri et al., 2008). Both the
individual domains and the complete
structure of this complex have provided
important functional information including
the relative organization of the individual
subunits with respect to each other. In ad-
dition, the structural analysis revealed
that the Ndc80 subunit contained a calpo-
nin homology (CH) domain similar to that
found in EB1, suggesting that it may di-
rectly interact with microtubules. How-
ever, the Ndc80 CH-domain alone is not
sufficient to bind to microtubules and
requires Nuf2 and the unstructured N ter-
minus of Ndc80 (Cheeseman et al., 2006;
Ciferri et al., 2008; Wei et al., 2007). Thus,
the complete Ndc80 complex structure
provided additional insights into its micro-tubule binding properties (Ciferri et al.,
2008).
While X-ray crystallography represents
a gold standard for three-dimensional
structural determination, a large number
of kinetochore proteins and protein com-
plexes are likely to be resistant to crystal-
lization. Electron microscopy can provide
a powerful alternate approach to examine
the architecture of large macromolecular
assemblies. For example, rotary shadow-
ing EM images of the full length Ndc80
complex first revealed its architecture,
with two globular heads separated by
a 570 A˚ coiled-coil and highlighted its flex-
ibility revealing a hinge region in the coiled
coil domain (Wei et al., 2005). EM-based
studies are particularly useful for the anal-
ysis of the kinetochore-microtubule inter-
face where it is important to define the
structural interaction of a molecule with
microtubule polymers (which can not be
crystallized). Structural insights into the
mode of binding of kinetochore proteins
to microtubules are not possible from
X-ray crystallography but can be obtained
using helical diffraction from just a few im-
ages, taking advantage of the formation of
an ordered array of proteins along a single
microtubule to yield a 3D reconstruction.
A number of microtubule-associated pro-
teins, including the kinesin-5 Eg5 (Krzy-
siak et al., 2006), EB1 (Sandblad et al.,
2006), and dynein (Mizuno et al., 2007),
have been characterized in this manner.
Negative staining electron microscopy
of Ndc80 complexes decorating microtu-
bules revealed that it bound with a consis-
tent polarity along the microtubule poly-
mer (see Figure 1G; Cheeseman et al.,
2006), with the Spc24/Spc25 end pointing
toward the plus end of the microtubule
(Wilson-Kubalek et al., 2008). In addition,
cryo-EM reconstructions of the Ndc80
complex assembled on the microtubule
(Figure 1H) has suggested the mode of in-
teraction of the Ndc80/Nuf2 globular head
with microtubules (Wilson-Kubalek et al.,
2008). Interpretation of the low-resolution
EM density map in the light of the recent
Ndc80 complex crystal structure (Ciferri
et al., 2008) suggests that the Ndc80/
Nuf2 head is likely to bind tightly to micro-
tubules at the interdimer interface and
more weakly to the intramolecular a-b di-
mer junction, at an angle of 60. In addi-
tion, the interaction with microtubules is
likely to be via the Ndc80 head domain
and thecooperativepropertiesof thecom-Developmental Cell 15, Nplex imparted by theNuf2 subunit (Wilson-
Kubalek et al., 2008). However, the current
low-resolution EM maps do not allow the
high confidence placement of the crystal
structure into the electron density, which
currently prevents further analysis of the
molecular mechanism underlying the
Ndc80 complex microtubule binding and
concentration-dependent cooperativity
(Cheeseman et al., 2006). EM-based stud-
ies have also suggested that when assem-
bled at the kinetochore, a bend in the
coiled-coil region of the Ndc80 complex
may help accommodate the angled inter-
action with microtubules with the organi-
zation of the Ndc80 complex in the kineto-
chore (Wang et al., 2008; Wei et al., 2005).
In total, these studies have important im-
plications for the mode of binding of this
conserved essential microtubule interact-
ing Ndc80 complex at kinetochores.
Structural information has also pro-
vided important insights into the function
of the budding yeast Dam1/DASH com-
plex. This complex was known to function
at kinetochores and bind to microtubules,
but its role in mediating these interactions
was unclear. Negative stain EM provided
the first evidence that the Dam1 complex
could assemble as a ring around microtu-
bules (Miranda et al., 2005; Westermann
et al., 2005). The structure of the yeast ki-
netochore Dam1 complex in solution and
assembled as a ring around microtubules
has also been determined by electron mi-
croscopy (Wang et al., 2007a). Interest-
ingly, the Dam1 complex forms an anti-
parallel helical structure underlying its
indifference to the polarity of the microtu-
bule. The number of heterodecamer
Dam1 complexes that associate to form
a single ring around the microtubule re-
mains under debate, but has important
implications for the mode of microtubule
binding. Image processing to generate
an end-on-view of the Dam1 complex
around a 14-protofilament microtubule
suggested 16 heterodecamers form a
ring, creating a mismatch between the
microtubule and the kinetochore com-
plex, rather than a molecular footprint.
This provides a potential explanation for
the processive movement of these rings
on microtubules in vitro (Westermann
et al., 2006). However, scanning transmis-
sion electron microscopy suggests 25 ± 5
heterodecamers are needed to form a ring
(Miranda et al., 2007). It is important to
note that the Dam1 complex still movesovember 11, 2008 ª2008 Elsevier Inc. 649
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assembled as a ring (Asbury et al., 2006;
Gestaut et al., 2008; Grishchuk et al.,
2008), so it will also be essential to
determine the structural properties and
interactions at the Dam1 complex-micro-
tubule interface when it does not saturate
the microtubule polymer. No atomic infor-
mation is currentlyavailabledue to thepro-
pensity of the Dam1 complex to oligomer-
ize (Miranda et al., 2005). Mapping of the
subunit locations within the unassembled
and assembled complex around microtu-
bules will contribute to a greater under-
standing of the Dam1 ring as a molecular
machine. However, to fully define the
individual molecular components that are
responsible for Dam1 complex oligomeri-
zation, microtubule binding, and coopera-
tive assembly, atomic resolution informa-
tion would be ideal.
Structural Analysis of Kinetochore
Signaling
Multiple signaling pathways converge at
the kinetochore. First, external signals
must coordinate kinetochore assembly
and function with cell cycle progression.
Second, the kinetochore must sense its
attachment state and correct any errors
in these attachments to ensure proper
chromosome segregation. Finally, the ki-
netochore must also relay these signals
to halt cell cycle progression to prevent
anaphase onset in the presence of even
a single inappropriately attached chromo-
some. The signaling proteins that are
found at the kinetochore have been ex-
tensively examined by X-ray crystallogra-
phy. For example, the crystal structure of
the major mitotic cell cycle regulatory
protein active CDK2/cyclin B has been
determined (Brown et al., 2007; Petri
et al., 2007). Comparison with the active
CDK2/cyclin A structures provides in-
sights into the differential contributions
of cyclins to substrate selection via the re-
cruitment and binding of the substrate to
the CDK/cyclin complex on a region dis-
tinct from the catalytic site (Brown et al.,
1999; Cheng et al., 2006). In particular,
these structures have led to studies in
yeast that identified distinct CDK mitotic
and S-phase substrates depending solely
on the association of Cdc28 with mitotic
or S-phase cyclin (Ubersax et al., 2003;
reviewed in Loog and Morgan, 2005).
There have also been a variety of struc-
tural insights into the spindle checkpoint650 Developmental Cell 15, November 11, 20pathway that is responsible for signaling
cell cycle arrest in the presence of kineto-
chore defects. The atomic structure of the
conserved checkpoint protein Bub3, in
combination with Bub1 and Mad3 pep-
tides, revealed that the binding of Bub1
and Mad3 to the Bub3 WD40 beta-pro-
peller is mutually exclusive (Larsen et al.,
2007; Larsen and Harrison, 2004). How-
ever, further studies will be required to
determine the mode of interaction of
these proteins with kinetochores. For ex-
ample, Bub1 and BubR1 contain Tetra-
trico peptide repeats (TPR), structurally
defined helical stacks involved in pro-
tein-protein interactions (Bolanos-Garcia
et al., 2005). These domains have been
reported to interact with the N terminus
of the kinetochore scaffolding protein
hKNL1/Blinkin (Kiyomitsu et al., 2007).
These Bub1 and BubR1 protein-protein
interaction domains therefore represent
domains that should be amenable to
studies in combination with KNL1 frag-
ments. Structural and biophysical analy-
sis of this interaction will provide molecu-
lar insights into how the kinetochore
relays the spindle checkpoint signal.
The structure-dependent function of
the Mad2 complex has also been charac-
terized extensively alone and in presence
of its checkpoint ligands (reviewed in Ma-
pelli and Musacchio, 2007). Mad2 has
been shown to adopt two functional con-
formations by NMR and X-ray crystallog-
raphy; O-Mad2 and C-Mad2 (for open
and closed conformation, respectively).
These forms diverge in the conformational
arrangement of their 50 amino acid C ter-
minus to lock their ligand tightly, a process
known as the ‘‘safety belt’’ mechanism
(Luo et al., 2000, 2002; Sironi et al.,
2002). While cytosolic Mad2 adopts an
open conformation (Luo et al., 2004), the
structure of Mad2 in complex with Mad1
(which more stably associates with kinet-
ochores) reveals a closed conformation to
form a stable C-Mad2:Mad1 heterote-
tramer (Sironi et al., 2002). This C-Mad2
bound to Mad1 acts as a conformational
template in a prion-like manner to further
convert unbound O-Mad2 to C-Mad2, al-
lowing it to associate with Cdc20 and
thereby inactivating the anaphase-pro-
moting complex (APC) and arresting the
cell cycle at metaphase (De Antoni et al.,
2005; Yang et al., 2007). Interpretation of
this collection of structures provides ex-
planations for other experiments which08 ª2008 Elsevier Inc.have probed the molecular basis of the
recruitment and activation of Mad2 via
Mad1 to kinetochores (Chen et al., 1998;
Chung and Chen, 2002). For example,
fluorescent recovery after photobleaching
studies revealed both stable and dynamic
populations of Mad2 at kinetochores
(Shah et al., 2004) consistent with a kinet-
ochore-bound C-Mad2 and a soluble pool
that is activated at kinetochores.
Determining the structural dynamics of
the kinetochore will be essential to under-
stand how it functions and how defective
microtubule attachments are monitored
and corrected. NMR is useful for the struc-
tural analysis of smaller proteins (<30 kDa)
but is particularly powerful for probing
fleeting interactions of small functional
protein-protein domains and mapping
their interaction surfaces. Thus, NMR pro-
vides a useful technique for obtaining in-
formation on the dynamics of kinetochore
assembly and monitoring conformational
changes in response to spindle check-
point signaling. Indeed, NMR has proven
useful in characterizing dynamic aspects
of the Mad2 checkpoint pathway to com-
plement the crystallographic studies.
Chemical shift perturbation experiments
combined with mutagenesis demon-
strated that Mad2 undergoes a conforma-
tional rearrangement upon binding to
Cdc20 (Luo et al., 2000, 2002).
Finally, there is atomic information for
both the targeting domain of the kineto-
chore regulatory chromosomal passen-
ger complex (CPC) comprising INCENP,
Borealin, and Survivin (Jeyaprakash
et al., 2007), and the catalytic domain of
Aurora B bound to a phosphorylated acti-
vation segment of INCENP in presence of
the hesperadin small molecule inhibitor
(Sessa et al., 2005). The CPC targeting
domain forms a stable coiled-coil, and
this ternary structure has prompted struc-
ture-based site directed mutagenesis of
these proteins to characterize their func-
tions in vivo.
In total, these studies have provided an
initial molecular portrait of the signaling
pathways that are present at kineto-
chores. In addition to providing important
insights to the mechanisms that control
and regulate chromosome segregation,
these structural studies on these key
kinetochore signaling pathways have
opened new therapeutic avenues to treat
proliferative disorders using structure-
based drug design to obtain small
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Commentarymolecules and peptidomimetic inhibitors
(reviewed in Welburn and Endicott, 2005;
Noble et al., 2004). Inhibitors against
Aurora B, Polo-like kinase, and CDK are
currently in clinical trials.
Analyzing the Structure of the Intact
Kinetochore
As highlighted above, determining struc-
tural information for the individual kineto-
chore components provides detailed
information about their function and the
key activities of the kinetochore. However,
ultimately the kinetochore must assemble
into a higher order structure, and these
multiple proteins must be temporally and
spatially coordinated to achieve proper
chromosome segregation. Determining
the functional molecular architecture of
such a supramolecular complex in its cel-
lular context is clearly a major challenge.
Obtaining a complete and dynamic mo-
lecular portrait of the kinetochore will re-
quire acombinationofmultiple techniques
and approaches, some of which have
been discussed here individually. Such
hybrid approaches have been used suc-
cessfully to generate multiresolution
models of large assemblies such as the
nuclear pore complex (Beck et al., 2004,
2007; reviewed in Alber et al., 2007), the
exosome (Lorentzen et al., 2005, 2008;
Taverner et al., 2008; Wang et al.,
2007b), and the APC (Ohi et al., 2007;
Passmore et al., 2005; Schwickart et al.,
2004; Zachariae et al., 1998). In the case
of the nuclear pore complex, intact pores
were isolated from Dictyostelium discoi-
deum and imagedby cryoelectron tomog-
raphy (cryo-ET) to generate electron
density maps with greater than 60 A˚ reso-
lution, depicting the overall architecture of
this MDa complex (Beck et al., 2004,
2007). This structure provides the possi-
bility of docking subcomplexes and indi-
vidual components to ultimately generate
a high resolution image of the complete
nuclear pore.
Although the molecular complexity of
the kinetochore ismuch larger than the nu-
clear pore, recent work has raised the pos-
sibilityofultimatelyobtainingamodelof the
intact kinetochore. To obtain a complete
picture of the kinetochore ultrastructure,
in addition to the reductionist approaches
described above, it is also important to vi-
sualize the entire kinetochore. It has not
been possible to isolate intact kineto-
chores. However, ET studies of negativelystained samples in intact cells have in-
creasingly shown the overall architecture
of the kinetochore in greater detail (Dong
et al., 2007; Maiato et al., 2006; McEwen
et al., 1998). Current approaches have al-
ready demonstrated that spindle microtu-
bules bind to the outer kinetochore in
both end-on and side-on arrangements
(Dong et al., 2007) and revealed the trans-
location of kinetochores along pre-existing
kinetochore microtubule fibers (Kapoor
et al., 2006). Tomography of the outer
kinetochore in PtK1 cells has revealed
a meshwork of fibrous proteins that likely
provide many low-affinity binding sites for
microtubules (Dong et al., 2007). In addi-
tion, recent work imaging thin sections of
the kinetochore at the interfacewithmicro-
tubules has revealed fibril-like structures
emanating from the kinetochore that con-
tact microtubule protofilaments (Figure 1I;
McIntosh et al., 2008), possibly corre-
sponding to a molecule like the Ndc80
complex. This observation represents
a novel mode by which a kinetochore
mayremainassociatedwithadepolymeriz-
ing microtubule, in contrast to a ring-like
structure such as the Dam1 complex.
Finally, immunoelectron microscopy
and systematic subunit labeling strategies
have been used to understand the organi-
zation and localization of individual sub-
units within the nuclear pore complex
(Alber et al., 2007; reviewed in Robinson
et al., 2007) and could be used to similarly
locate subunits of the kinetochore within
its supramolecular structure. For exam-
ple, using immuno-EM, CENP-C was
localized to the inner kinetochore (Saitoh
et al., 1992), and Ndc80 was localized to
the outer kinetochore (Figure 1J; DeLuca
et al., 2005).
Alternate Approaches to
Investigate Kinetochore Complexes
As described above, a variety of structural
approaches have already been utilized to
investigate the kinetochore. In addition to
standard approaches such as X-ray crys-
tallography, additional approaches may
provide important insights into the struc-
turesof kinetochorecomplexes.For exam-
ple, cryo-EM of individual subcomplexes
provides a good alternative approach to
crystallography for complexes greater
than 250 kDa and reveals the three-dimen-
sional arrangement at low tomedium reso-
lution. Inaddition, cryo-EMallows the iden-
tification and study of complexes thatDevelopmental Cell 15,adopt a range of different conformations.
However, the typical resolution of single
particle complexes determined by EM,
such as the APC, averages 20–25 A˚ which
does not allow placing of secondary struc-
tural elements and limits the interpretation
of the structure (Ohi et al., 2007; Passmore
et al., 2005). These EM-based studies be-
come particularly informative when used
in combination with X-ray crystallography.
In ideal situations, subatomicelectronden-
sity maps that allow the visualization of
secondary structural elements can be
used to conduct the high confidence fitting
of atomic structures (Rossmann et al.,
2005; Wang et al., 2007b). This allows
further interpretation of the low-resolution
envelope and gives a macromolecular
context to an atomic model. Defining the
conformation of samples in solution can
also be conducted using small angle
X-ray scattering (SAXS). This provides in-
formation at the similar resolution range
to cryo-EM, but there is no lower size limit
to the sample (Putnam et al., 2007; Tsuta-
kawa et al., 2007). Using SAXS, one can
investigate the dynamics and conforma-
tional changesofmacromolecules (Rosen-
berg et al., 2005).
Future Challenges: Kinetochore
Dynamics
From a molecular perspective, the kineto-
chore is highly dynamic, both in the turn-
over of a subset of its components, and
in the dramatic structural changes that
occur throughout the cell cycle. Regula-
tion of protein and macromolecular as-
semblies by the cell cycle occurs through
the timely and often transient assembly
and disassembly through protein phos-
phorylation, other posttranslational modi-
fications, protein-protein interactions,
and protein degradation. In particular,
the kinetochore is regulated by phosphor-
ylation throughout the cell cycle, and
localization of various components is cell
cycle dependent (reviewed in Cheeseman
and Desai, 2008). Mass spectrometry is
starting to provide an atlas of the post-
translational modifications at kineto-
chores. Proteomic analyses of spindles
and kinetochores have enabled a system-
atic examination of their components and
are starting to shed light on the posttrans-
lational modifications that regulate these
structures (Dephoure et al., 2008; Nou-
siainen et al., 2006; Sauer et al., 2005).
Phosphorylation is thought to play manyNovember 11, 2008 ª2008 Elsevier Inc. 651
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microtubule binding activity of the Ndc80
complex is modulated by Aurora B phos-
phorylation in response to attachment de-
fects (Cheeseman et al., 2006; DeLuca
etal., 2006). Pairwisealignmentsandcom-
parison across species (Figure 1K) have
demonstrated that Aurora B phosphoryla-
tionof theN-terminal tail ofNdc80 is a con-
served mechanism that allows correction
of defective microtubule-kinetochore at-
tachments. It will be interesting to assess
the role of phosphorylation in coordinating
kinetochore assembly at the individual
molecular level and the global conse-
quences. Observing the effects of these
modificationsatomicallywouldbecardinal
to understanding the molecular properties
of kinetochore regulation.
The recent advances in single molecule
studies also provide insights into the
molecular mechanisms of kinetochore in-
terplay with the plus ends of spindle mi-
crotubules and can track the movements
of individual molecules (Efremov et al.,
2007; McIntosh et al., 2008). These tech-
niques open exciting new paths to the
study of chromosome segregation that
will deepen our understanding as to how
the energy of microtubule depolymeriza-
tion that is stored in themicrotubule lattice
as a structural strain (reviewed in Nogales
andWang, 2006) is used to produce chro-
mosome tension and movement at a mo-
lecular level (Grishchuk et al., 2005; Inoue
and Salmon, 1995; McIntosh et al., 2002).
Conclusions
Much remains to be done to define the
complete ultrastructure of the kineto-
chore. However, as described in this re-
view, recent structural work has revealed
important features of the kinetochore.
We have attempted to integrate this infor-
mation, including recent X-ray crystal and
EM-based structures (listed in Table 1), in
combination with information known
about the composition and organization
of the kinetochore in Figure 2. This model
of the kinetochore indicates some princi-
ples regarding the structure of this impor-
tant cell division supramolecular complex,
but also highlights the missing pieces
that represent critical challenges for the
future.
Indeed, many questions regarding the
organization of the kinetochore remain.
With increasing structural information, it
is possible to evaluate how components652 Developmental Cell 15, November 11, 2interact with each other to scale. This
information in turnhas led tonewquestions
as to how the kinetochore subunits are
organized with respect to each other. Ki-
netochore organization represents a geo-
metrical puzzle to understand how the dif-
ferent components are organized around
the centromere. A typical nucleosome is
110 A˚ in diameter and the width of the in-
coming microtubule is about 250 A˚. The
head of the Ndc80 complex binds to the
outside of a microtubule at an 60 angle
away from the centromere-microtubule
axis. This suggests that, while CENP-A
nucleosomes specify the centromere as
central player required to build the kineto-
chore scaffold, this assembly may occupy
a larger region of the chromosome. While
there is just one CENP-A nucleosome
present at the budding yeast kinetochore,
quantitative fluorescence microscopy
has revealed that there are 6–8 copies of
the outer kinetochore components such
as the Ndc80 complex (Joglekar et al.,
2006), suggesting some kinetochore com-
ponents induce multimerization.
Table 1. List of theCurrently Deposited Kinetochore Protein Structures, Solved byX-ray
Crystallography, EM, and NMR
Protein/Complex Name Organism Technique PDB/EMDB
Outer Kinetochore Proteins and MAPs
Ndc80, CH domain Human X-ray 2IGP
Ndc80 complete ‘‘bonsai’’ complex Human X-ray 2VE7
Spc24/25 S. cerevisiae X-ray 2FTX
Zyg9, TOG domain C. elegans X-ray 2OF3
Msps, TOG domain 2 Drosophila X-ray 2QK2
Stu2, TOG domain S. cerevisiae X-ray 2QK1
BIM1, CH domain S. cerevisiae X-ray 2QJX
EB1, CH domain Human X-ray 2QJZ
CLIP170, CAP-Gly domain Human X-ray 2QK0
EB1, CH domain Human X-ray 1PA7
Dam1 complex helical reconstruction S. cerevisiae Cryo-EM 1371
Dam1 complex single particle S. cerevisiae Cryo-EM 1372
EB1, C terminus domain Human X-ray 1WU9
EB1 C terminus/CAP-Gly Dynactin 1 Human X-ray 1HKQ
Inner Kinetochore and DNA Binding Proteins
Cep3p DNA binding domain S. cerevisiae X-ray 2QUQ
Cep3p DNA binding domain S. cerevisiae X-ray 2VEQ
Mif2 dimerization domain S. cerevisiae X-ray 2VPV
Checkpoint and Signaling Molecules
Aurora B-TSS with hesperadin inhibitor Xenopus X-ray 2BFX
Bub3 with Bub1-Mad3 peptides S. cerevisiae X-ray 2I3S
Bub3 S. cerevisiae X-ray 1U4C
Cyclin B Human X-ray 2B9R
pCDK2/cyclin B Human X-ray 2JGZ
Survivin/Borealin/INCENP Human X-ray 2QFA
Mad2/MAD2 binding peptide Human NMR 1KLQ
O(N1)-Mad2 Human NMR 1DUJ
Mad2 R133A, C(N2)-Mad2 Human NMR 1S2H
Mad2/p31comet/Mad2 binding peptide Human X-ray 2QYF
O-Mad2/C-Mad2 Human X-ray 2V64
Mad1/Mad2 Human X-ray 1GO4
Symmetric Mad2 dimer Human X-ray 2VFX
Polo Box Binding Domain/Peptide Human X-ray 1Q4K
Polo Box Binding Domain Human X-ray 1Q4O
Plk1 catalytic domain Zebrafish X-ray 3D5U
Plk1 catalytic domain Human X-ray 2OWB008 ª2008 Elsevier Inc.
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CommentaryFigure 2. Structural Features of the Kinetochore
Model of the kinetochore incorporating the known structural features. Proteins for which there is existing structural information, or for which this can be modeled
based on protein homology, are represented using atomic-level diagrams. Proteins for which there is not structural information are represented as shapes of
a proportional size. In each case, an attempt was made to place these proteins appropriately within the kinetochore ultrastructure at the correct relative scale.
Source data for the protein structures is listed in Table 1. The structures were illustrated with CCP4MG (Potterton et al., 2004). The scale bar is 50 A˚.While an initial structural picture of
the kinetochore is beginning to emerge,
building a complete molecular model of
the kinetochore will require combining
information at a variety of different resolu-
tions using multidisciplinary approaches.
NMR, X-ray crystallography, single-
particle cryo-EM, and cryo-ET provide
a three-dimensional framework for char-
acterizing the structure of kinetochore
complexes, that can be complemented
by other biophysical techniques. Single-
molecule studies,while lookingatdynamic
properties of a system, offer a structural
view of the kinetochore in the intermediate
level ranging froma fewtoahundrednano-
meters. However, it remains to integrate
the information from these structural,
proteomic, and biochemical sources to
understand how the proteins interact spa-
tially in the cellular context and reconsti-
tute a three dimensional model of the
kinetochore. It will also be exciting to com-
bine dynamic information to observe the
motions of the kinetochore throughout
the cell cycle. This has successfully been
done for smaller and more stable com-
plexes like the proteasome and has re-
cently been extended to the nucleopore
(Beck et al., 2004). Understanding the
structure of the kinetochore poses manychallenges related to its function and
dynamic characteristics that were not
present in previous supramolecular stud-
iesundertaken thus far. Structural informa-
tion, and ultimately a picture of the com-
plete molecular kinetochore structure, will
provide molecular explanation of its key
role in chromosome segregation and
the defective processes that can lead to
aneuploidy.
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